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Abstract: Sulfate can be activated by ATP sulfurylase and adenosine 5'-phosphosulfate kinase (APSK) in
vivo. Recent studies suggested that APSK in Arabidopsis thaliana regulated the partition between APS 
reduction and phosphorylation and its activity can be modulated by cellular redox status. In order to study 
regulation of APSK in rice (OsAPSK), OsAPSK1 gene was cloned and its activity was analyzed. 
OsAPSK1 C36 and C69 were found to be the conserved counterparts of C86 and C119, which involved in 
disulfide formation in AtAPSK. C36A/C69A OsAPSK1 double mutation was made by site directed 
mutagenesis. OsAPSK1 and its mutant were prokaryotically over-expressed and purified, and then 
assayed for APS phosphorylation activity. OsAPSK1 activity was depressed by oxidized glutathione, 
while the activity of its mutant was not. Further studies in the case that oxidative stress will fluctuate in
vivo 3'-phosphoadenosine-5'-phosphosulfate content, and all APSK isoenzymes have similar regulation 
patterns are necessary to be performed. 
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Sulfur is an essential macronutrient for life. It mainly 
exists as S2- and S6+ in sulfur-containing compounds, 
including sulfur rich protein, phytochelatin, glutathione, 
glucosinolate, hydrogen sulfide and elemental sulfur 
(Leyh, 1993; Sun and Yang, 2006; Zhu et al, 2007; 
Ravilious et al, 2012). Sulfate is the primary source for 
cellular sulfur (Saito, 2004; Dong, 2010; Ravilious 
and Jez, 2012; Ryu, 2012), and most sulfates play vital 
roles in cellular metabolism (Liu, 2007; Dong, 2010). 
After being transported from soil into plant 
cytoplasm (Dong, 2010), sulfate is activated by 
adenosine triphosphate sulfurylase to form adenosine 
5'-phosphosulfate (APS). APS can be reduced by APS 
reductase (APSR) and sulfite reductase to produce 
sulfite and sulfide, respectively (Xing et al, 1992; Li 
et al, 2013) (Fig. 1), or be incorporated into cysteines. 
APS can also be phosphorylated by APS kinase (APSK) 
to generate 3'-phospho-adenosine-5'-phosphosulfate 
(PAPS) (Fig. 1) which is the sulfate donor for 
sulfotransferases and can be used to regulate the 
functions of biomolecules (Wang et al, 2011). Since 
the final step for glucosinolate biosynthesis is the 
sulfation of desulfoglucosinolate, the mutation of 
APSK in Arabidopsis thaliana (AtAPSK) will reduce 
the biosynthesis of glucosinolates (Mugford et al, 
2011; Wang et al, 2011; Hermann et al, 2013).  
Glutathione is an important metabolite in sulfate 
reductive pathway (Fig. 1), and has vital cellular roles, 
such as maintaining intracellular redox environment, 
heavy metal chelation and detoxification, and disease 
resistance (Wang et al, 2011; Hermann et al, 2013). 
The activity ratio of APSK and APSR determines the 
partition of APS between the primary and the 
secondary metabolic pathways which can affect the 
disease and stress resistance of the plants (Xing et al, 
1992; Hermann et al, 2013; Li H Q et al, 2013; 
Villanueva-Alonzo et al, 2013). 
Rice is one of the most important grain crops in the 
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world, and its yield and quality are closely related to 
human beings. Sulfur deficiency in soil will inhibit 
rice metabolism (Mugford et al, 2011; Lee et al, 2012; 
Mueller and Shafqat, 2013; Song et al, 2013), and 
decrease its capacity of adapting to new growth 
environment and resisting biotic and abiotic stress 
(Mugford et al, 2011; Kumar et al, 2013; Mueller and 
Shafqat, 2013; Song et al, 2013), and subsequently 
affect rice yield and quality. Recently, the functional 
analysis on AtAPSK has demonstrated that APSK plays 
vital roles in regulating the primary and the secondary 
metabolisms (Mugford et al, 2011). Biochemical 
analysis on AtAPSK reveals that the activity of reduced 
AtAPSK is 17-fold of those of the oxidized ones 
(Ravilious et al, 2012), while the biochemical analysis 
on rice APSK (OsAPSK) has not been reported. 
In this study, OsAPSK1 was cloned, and C36A/C69A 
double mutation was constructed. The corresponding 
proteins were prokaryotically expressed and purified. 
Kinetic parameters were determined by pyruvate 
kinase (PK) and lactate dehydrogenase (LDH) coupling 
assays (Sun et al, 2005; Li H Y et al, 2013; Yang et al, 
2014). The impacts of redox states on the activities of 
OsAPSK1 and its mutant were analyzed, and the 
underlying mechanism and physiological significance 
of OsAPSK1 activity regulation were also discussed. 
MATERIALS AND METHODS 
Strains and vectors 
Escherichia coli DH5Į, BL21 (DE3), and prokaryotic 
expression vector pHHAL (Yang et al, 2014) were lab 
collections. pMD-18T-simple vector was purchased 
from TaKaRa (Shiga, Japan). 
Enzymes and chemical reagents 
Reagents for molecular biology: DNA restriction 
enzymes and polymerase were purchased from 
TaKaRa (Shiga, Japan); Quick Change XL Site 
Directed Mutagenesis Kit was purchased from 
Stratagene (California, USA). Reagents for protein 
purification 3'-phosphoadenosine-5'-phosphate (PAP)- 
agarose, lysozyme, dithiothreitol (DTT) and isopropyl 
ȕ-D-1-thiogalactopyranoside (IPTG) were purchased 
from Sigma (St. Louis, USA). Pepstatin A and 
phenylmethanesulfonyl fluoride were purchased from 
Roche Applied Science (Indianapolis, USA). 
Reagents for enzyme assays: Lactate dehydrogenase 
and pyruvate kinase were purchased from Roche 
Applied Sciences (Indianapolis, USA). The 3ƍ- 
nucleotidase (HAL2) was purified as described 
previously (Yang et al, 2014). APS was synthesized as 
described previously (Wei et al, 2002). All other 
chemical reagents were of the highest available purity 
from Sigma-Aldrich (St. Louis, USA). 
Methods 
Sequence analysis of APSKs from different species 
APSK sequences were obtained from online databases, 
such as NCBI (http://www.ncbi.nlm.nih.gov/), RGAP 
(http://rice.plantbiology.msu.edu/), UniProt (http://www. 
uniprot.org/) and RAP-DB (http://rapdb.dna.affrc.go.jp/), 
and were analyzed with the software Bio-Edit. 
Cloning and mutagenesis of OsAPSK1  
mRNAs from roots and leaves of rice (Oryza sativa L. 
subsp. japonica) variety Nipponbare were extracted, 
and transcribed as reported previously (Li et al, 2015). 
OsAPSK1 (LOC_Os03g0202001) was cloned using 
transcribed cDNA, and the primers (OsAPSK1-F and 
OsAPSK1-R) are listed in Table 1. The target 
sequence was purified, verified by sequencing, double 
digested with EcoR I/Xho I and then ligated into the 
vector pHHAL (Yang et al, 2014) to construct 
pHHAL-APSK1. C36A/C69A double mutant (pHHAL- 
APSK1-C36A/C69A) was constructed by Quick 
Change XL Site-Directed Mutagenesis Kit using the 
primers listed in Table 1.  
Protein expression and purification 
The competent E. coli BL21 (DE3) was transformed 
with the plasmids pHHAL-APSK1 and pHHAL- 
Fig. 1. Scheme of sulfate assimilation pathway in plant chloroplast.
Dotted arrows indicated the cosubstrates and by-products.  
APS, Adenosine 5'-phosphosulfate; PAPS, 3'-phospho-adenosine-
5'-phosphosulfate; PAP, 3',5'-bisphosphate adenosine; RO-SO3-, 
Sulfated compounds; GSH, Reduced glutathione; GSSG, Oxidized
glutathione; Fedred, Reduced thioredoxin; Fedox, Oxidized thioredoxin;
OAS, O-acetylserine; HOAc, Acetate; Cys, Cysteine; 1, ATP sulfurylase;
2, APS kinase; 3, Sulfotransferase; 4, APS reductase; 5, Sulfite
reductase; 6, O-acetylserine sulfhydrylase. 
154                                                                            Rice Science, Vol. 23, No. 3, 2016 
APSK1-C36A/C69A to express OsAPSK1 and 
C36A/C69A mutant proteins, respectively. Proteins 
were over-expressed and purified with HAL2 tag 
according to the method described previously (Yang 
et al, 2014). Briefly, IPTG was used to induce protein 
expression in Luria-Bertani medium. The centrifuged 
cell pellets were resuspended with lysis buffer, and 
lysed by sonication. After centrifugation, the 
supernatant was loaded onto PAP-agarose column, 
and the fusion protein was eluted after high salt and 
low salt washing. The tag of fusion protein was 
proteolytically cleaved with protease during dialysis. 
The tag and protease were removed by passing lysate 
through the PAP-agarose column. Based on sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE) analysis, the purity of proteins was 95% 
and the proteins were stored in -80 ºC before activity 
assay. 
APSK activity assays 
Wild type APSK and C36A/C69A APSK catalyze the 
phosphorylation of APS with adenosine triphosphate 
(ATP) to produce adenosine diphosphate (ADP) and 
PAPS. PAPS can be dephosphorylated by 
3ƍ-nucleotidase to regenerate APS (Sun et al, 2005; 
Yang et al, 2014). ADP is phosphorylated by PK to 
regenerate ATP and produce pyruvate. Then pyruvate 
can be reduced to lactate by LDH, which is coupled 
with the oxidation of reduced form of 
nicotinamide-adenine (NADH) [İ339 ˙ 6.22 
mmol/(L⋅cm)]. With auxiliary coupling enzymes 
PK/LDH, APSK activities were detected by the 
oxidation rates of NADH with Cary4000 (Agilent, 
USA). The assay mixtures for initial rate assays 
included APSK (0.3 μmol/L), APS (65, 88, 166 and 
800 nmol/L), ATP (160, 230, 375 and 1 000 μmol/L), 
PK (10 U/mL), LDH (20 U/mL), 3ƍ-nucleotidase (5 
U/mL), phosphoenoyl pyruvate (2.0 mmol/L), NADH 
(0.25 mmol/L), MgCl2 (2.0 mmol/L), DTT (1.0 
mmol/L) and Hepes (50 mmol/L, pH 8.0). Reactions 
were performed at 25 ºC. Data were analyzed by the 
Sequeno program (Cleland, 1979) to obtain kinetic 
parameters. 
To study the redox effects of APSK, several assays 
were performed using saturated ATP and different 
concentrations of APS (0.50, 0.75, 1.00, 2.00, 3.00, 
4.00, 6.00 or 8.00 μmol/L) in the presence of 1.0 
mmol/L DTT or 0.5 mmol/L oxidized glutathione 
(GSSG).  
Modeling of OsAPSK1 structure 
Three dimensional structure of OsAPSK1 was modeled 
by SWISS-MODEL workspace (http://swissmodel. 
expasy.org/) (Arnold et al, 2006) with AtAPSK1 (PDB: 
3UIE) as the template. 
RESULTS 
Sequence alignment of APSKs from different species 
Based on analyzing the APSK sequences from 
microorganisms, plants and mammals, it is detected 
that there were two conserved cysteines in the 
N-terminal domain of plant APSKs (Fig. 2). Crystal 
structure and in vitro biochemical analysis 
demonstrated that C86 and C119 from neighboring 
subunits in AtAPSK1 can form a disulfide bond under 
oxidative state, and the formation of this disulfide 
bond can induce a conformational change and thereby 
affect the substrate affinity and catalytic efficiency of 
AtAPSK1 (Ravilious and Jez, 2012). The presence of 
two conserved cysteines in OsAPSK1 (Fig. 2) 
indicates that OsAPSK1 may be also regulated by 
oxidative stress.  
Cloning of OsAPSK1 and construction of 
over-expression plasmid 
To study the activity and regulation mechanism of 
OsAPSK1, OsAPSK1 was cloned, and OsAPSK1 was 
expressed and purified. mRNAs of rice roots and 
leaves were extracted (Fig. 3-A), and reversely 
transcribed to generate the cDNA for cloning 
OsAPSK1. The amplified fragment (720 bp) by 
reverse transcription PCR (Fig. 3-B) was purified, 
verified by sequencing, double digested and ligated 
into pHHAL to construct the expression plasmid 
pHHAL-APSK1. C36A/C69A double mutation was 
obtained by site-directed mutagenesis and confirmed 
by sequencing. 
Table 1. Primers for gene cloning and mutagenesis. 
Primer Sequence (5'–3') 
OsAPSK1-F GAATTCATGGAGCAGCAGCAGC 
OsAPSK1-R CTCGAGTTAAGCTTGCAAATAT 
APSK1-C36A-F CAATATACTGTGGCACAATGCGCCAATTGG
ACAATCTG 
APSK1-C36A-R CAGATTGTCCAATTGGCGCATTGTGCCACA
GTATATTG 
APSK1-C69A-F GGGAAAAGCACTCTTGCAGCGGCACTGAAT
CGGGAG 
APSK1-C69A-R CTCCCGATTCAGTGCCGCTGCAAGAGTGCT
TTTCCC 
The underlined part represents the base sequence recognized by
restriction enzyme. 
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Expression and purification of wild type OsAPSK1 
and C36A/C69A OsAPSK1 
The fusion proteins of wild type OsAPSK1 and 
C36A/C69A OsAPSK1 were prokaryotically 
over-expressed in E. coli BL21 (DE3), and purified by 
PAP-agarose column (Fig. 4). Further protease 
treatment resulted in the cleavage between target 
proteins and affinity tag (Fig. 4). Subsequently, 
affinity tag and protease were removed by passing 
through the affinity column again, and final OsAPSK 
(26 kD) was obtained. 
OsAPSK1 encodes an APS kinase 
To test if OsAPSK1 has APS phosphorylation activity, 
OsAPSK1 was assayed with the coupling enzymes of 
PK, LDH and 3ƍ-nucleotidase. With a fixed ATP 
concentration (1 mmol/L), APS phosphorylation rate 
was increased with APS concentration, and peaked at 
0.8 μmol/L APS. Substrate inhibition was significant 
after further increasing APS concentration (Fig. 5-A). 
Kinetic data were collected by varying ATP and APS 
concentrations (Fig. 5-B). The calculated kinetic 
constants KmAPS, KmATP and kcat of OsAPSK1 were 
0.72 ȝmol/L, 0.75 mmol/L and 300 min-1, respectively 
(Table 2). These results suggest OsAPSK1 is an APS 
kinase with similar kinetic parameters with the APSKs 
from other species (Yang et al, 2014).  
C36/C69 are essential for regulating OsAPSK1 
activity 
To test if oxidative stress can regulate OsAPSK1 
activity, GSSG was added into the OsAPSK1 activity 
assay mixture. Initial rate assay demonstrated that 
Fig. 3. Gene cloning of OsAPSK1.  
A, Total mRNA from rice leaves. M, Nucleotide marker (kb);
Lanes 1 and 2, mRNA (total RNA) extracted from rice leaves. B,
reverse transcription PCR amplified OsAPSK1 fragment. M, Nucleotide
marker (kb); Lane 1, OsAPSK1 nucleotide fragment (720 bp). 
Fig. 2. Sequence alignment of adenosine 5ƍ-phosphosulfate kinase (APSKs) from different species. 
Conserved amino acids are highlighted as gray background, and conserved cysteines in plant APSKs are highlighted as dark gray background. 
Fig. 4. Expression and purification of OsAPSK1.  
M, Protein molecular marker (kD); Lane 1, Before isopropyl
ȕ-D-1-thiogalactopyranoside (IPTG) induction; Lane 2, After IPTG
induction; Lane 3, Supernatant of cell lysate after centrifugation; Lane
4, Lysis buffer washing; Lane 5, High salt washing; Lane 6, Low salt
washing; Lane 7, Elution of fusion protein HAL2-APSK; Lane 8,
Cleavage of HAL2-APSK by prescission protease (HAL2 tag and
OsAPSK1 were indicated by star and arrow, respectively). 
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GSSG could reduce half of the APSK activity (Fig. 
5-A).  
The Cysteine 36 and Cysteine 69 of OsAPSK1 
were the counterparts in Arabidopsis, which can form 
a disulfide bond under oxidative conditions (Fig. 6). 
C36A/C69A OsAPSK1 double mutation was made to 
study if C36A/C69A are involved in oxidative 
stress-induced reduction of OsAPSK1 activity. Using 
different concentrations of APS, the initial rate assays 
of C36A/C69A OsAPSK1 demonstrated that no 
inhibition of OsAPSK1 activity was observed in the 
presence of 0.5 mmol/L GSSG (Fig. 5-C). By varying 
ATP and APS concentrations, it is discovered that the 
kinetic constants of KmAPS, KmATP and kcat were 0.44 
ȝmol/L, 0.14 mmol/L and 130 min-1, respectively 
(Table 2).  
Analysis of kinetic parameters of wild type 
OsAPSK1 and C36A/C69A OsAPSK1 
In the presence of reductive reagents, the comparison 
of kinetic parameters between wild type OsAPSK1 
and C36A/C69A OsAPSK1 demonstrated that the kcat 
of C36A/C69A OsAPSK1 was reduced to 43% of that 
of wild type OsAPSK1, the catalytic efficiency 
Table 2. Comparison of kinetic parameters for wild type OsAPSK1 and mutant C36A/C69A OsAPSK1. 
Parameter KmAPS (ȝmol/L) 
KmATP 
(mmol/L) 
KiATP 
(mmol/L) 
KiAPS 
(ȝmol/L) 
kcat 
(min-1) 
kcat/KmAPS 
(L/ȝmol·min) 
Wild type  0.72 ± 0.17 0.75 ± 0.18 0.61 ± 0.13 0.58 ± 0.13  300 ± 42 417 
C36A/C69A 0.44 ± 0.04 0.14 ± 0.02 0.22 ± 0.04 0.68 ± 0.15 130 ± 6 295 
C36A/C69A is the double mutant of OsAPSK1. The values are showed as Mean ± SD. 
Km, Michaelis constant; Ki, Inhibition constant; kcat, Enzyme turnover number; KmAPS, Km for substrate APS; KmATP, Km for substrate ATP; KiATP, Ki 
for substrate ATP; KiAPS, Ki for substrate APS. 
Fig. 5. Initial rate assays for phosphorylation of adenosine 5-phosphosulfate (APS) by wild type OsAPSK1 and C36A/C69A OsAPSK1.  
A, Activity comparison at different concentrations of APS in presence of dithiothreitol (DTT) (1.0 mmol/L) or oxidized glutathione (GSSG) (0.5
mmol/L) by wild type OsAPSK1; B, Double reciprocal plot for APS phosphorylation activity by wild type OsAPSK1 with ATP concentrations of 160,
230, 375 and 1 000 ȝmol/L, respectively; C, Activity comparison at different concentrations of APS in presence of DTT (1.0 mmol/L) or GSSG (0.5
mmol/L) by C36A/C69A OsAPSK1; D, Double reciprocal plot for APS phosphorylation activity by C36A/C69A OsAPSK1 with ATP concentrations
of 160, 230, 375 and 1 000 ȝmol/L, respectively. 
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kcat/KmAPS was reduced to 71%, while the affinity for 
ATP and APS indicated by Km was increased for 5.3- 
and 1.6-fold, respectively (Table 2).  
Analysis of OsAPSK1 structure  
To study the structural basis of redox regulation on 
OsAPSK1, the three dimensional structure of 
OsAPSK1 was modeled using AtAPSK1 (PDB: 3UIE) 
as the template. Based on the modeled structure of 
OsAPSK1, C36 and C69 are closed to each other, and 
the distance between the sulfuryl groups is about 2.1 
Å (Fig. 6), which indicates that C36 and C69 may 
form a disulfide bond under oxidative state in 
OsAPSK1. 
DISCUSSION 
Sulfur is an essential macro-element for plants. After 
entering plant cells, sulfate can be activated by 
adenosine triphosphate sulfurylase to generate APS, 
which can be further reduced into sulfite and sulfide 
(the primary metabolism) or phosphorylated into 
PAPS, the sulfate donor for in vivo sulfotransferase 
reactions (the secondary metabolism). APS is the key 
branching point for sulfate assimilation. APSR and 
APSK compete the substrate APS in chloroplast (Fig. 
1), and their activity ratio determines the in vivo sulfur 
metabolic flow (Mugford et al, 2009). It has been 
demonstrated that C86 and C119 in AtAPSK1 can 
form a disulfide bond under oxidative environment 
(Ravilious et al, 2012), and the formation of this 
covalent bond increases the affinity of AtAPSK1 for 
APS and ADP, but decreases its ATP affinity and 
catalytic efficiency (Ravilious et al, 2012). The APS 
phosphorylation activity of C86A/C119A AtAPSK1 is 
insensitive to redox conditions (Ravilious et al, 2012). 
Based on the sequence alignment of APSKs from 
different species (Fig. 2), these two cysteines are 
conserved in plants (Ravilious et al, 2012). Ravilious 
et al (2012, 2013) suggest that the resistance to 
oxidative stress in plants will be facilitate by 
suppressing APSK activity by oxidative stress and 
activating the APSR and Ȗ-glutamate-cysteine ligase 
involved in GSH biosynthesis.  
To study if rice APSK has similar regulation pattern 
with AtAPSK1, OsAPSK1 was cloned (Fig. 3-B) and 
OsAPSK1 was prokaryotically expressed and purified 
(Fig. 4). APS phosphorylation assays demonstrated 
that KmATP and KmAPS of OsAPSK1 were 0.75 mmol/L 
and 0.72 ȝmol/L, respectively (Table 2). OsAPSK1 
activity was halved by 0.5 mmol/L GSSG compared 
with 1.0 mmol/L DTT (Fig. 5-A). The GSSG-induced 
OsAPSK1 activity inhibition is consistent with the 
previously reported results of AtAPSK1 (Ravilious et al, 
2012), which indicates the formation of disulfide bond 
in OsAPSK1 under an oxidative condition. 
Based on the sequence alignment of OsAPSK1 and 
AtAPSK1, the C36 and C69 in OsAPSK1 were 
identified to be the conserved counterparts of C86 and 
C119 in AtAPSK1 which are involved in the 
formation of disulfide bond. According to the modeled 
OsAPSK1 structure, the distance between the sulfuryl 
groups of C36 and C69 was 2.1 Å (Fig. 6), indicating 
the formation of a stable covalent bond. 
To study whether the two conserved cysteines of 
OsAPSK1 can form a disulfide bond and thus affect 
OsAPSK1 activity in the presence of oxidative reagent, 
like their counterparts in AtAPSK1, the C36A/C69A 
double mutant was constructed. As shown in Fig. 5-C, 
the activity of C36A/C69A OsAPSK1 was not affected 
Fig. 6. Structural illustration of OsAPSK1.  
A, Dimeric OsAPSK1. Blue and green cartoon models are monomers of OsAPSK1. Arrows point to sphere model of Cysteine 36 (C36) and
Cysteine 69 (C69) from different monomers; B, Interactions between C36 and C69 in detail. Arrows point to sticks model of C36 and C69. The
distance between sulfur atoms from C36 and C69 is 2.1Å. 
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by GSSG. Its kcat was reduced to 43% of that of wild 
type OsAPSK1, and its KmATP and KmAPS were reduced 
(Table 2), respectively. Further oligomerization 
analysis by SDS-PAGE confirmed the dimerization of 
wild type OsAPSK1 after the incubation with GSSG 
(unpublished data). These results suggest that 
OsAPSK1 can be regulated by redox environment, 
and the disulfide bond formed between C36 and C69 
can change OsAPSK1 conformation and decrease the 
catalytic efficiency of OsAPSK1, which are consistent 
with the results from Ravilious et al (2012). 
The signal peptide analysis (http://www.cbs.dtu.dk/ 
services/ChloroP/) on OsAPSK1 predicts that 
OsAPSK1 contains a chloroplast signal peptide, which 
suggests that OsAPSK1 is located in chloroplast. This 
is consistent with the previously report on AtAPSK1 
(Mugford et al, 2009). Since APSK and APSR are 
concomitant in chloroplast (Saito, 2004; Dong, 2010), 
and they both play vital roles in cellular metabolism 
(Liu, 2007; Dong, 2010) as predicted in A. thanalina 
(Ravilious et al, 2012), we propose that the redox 
regulation on OsAPSK1 may enhance the reduction of 
sulfate under oxidative condition to cope with plant 
oxidative stress (Ravilious et al, 2012). 
In this study, OsAPSK1 activity and its regulation 
are studied by in vitro biochemical analyses. However, 
the understanding on in vivo OsAPSK1 activity is still 
vague. The roles of OsAPSKs in vivo may be further 
elucidated by studying the correlation between PAPS 
content and oxidative stress, as well as the underlying 
mechanisms of activity regulation on different 
OsAPSKs. 
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